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ABSTRACT
Hossain, Md Maruf. PhD. The University of Memphis. May, 2016. Transient
Stability Improvement of DFIG Based Variable Speed Wind Turbine Generator System
Using DC Resistive Fault Current Limiter. Major Professor: Dr. Mohd. Hasan Ali.

Presently, the doubly fed induction generator (DFIG) is the most popular
technology to harness the wind power due to its ability to adapt to variable wind speed
and to capture more wind energy. However, the DFIG based variable speed wind
generator is vulnerable to faults, as the stator of the DFIG is directly connected to the
grid. Both symmetrical and asymmetrical faults may cause the DFIG face high
mechanical stress, which may lead to mechanical damage. According to the grid code, the
transient stability enhancement of the DFIG system is very important. Though the DFIG
has a salient feature of the fault ride through capability, this is not sufficient to preserve
the regulations of the grid code at all situations.
In this dissertation, in order to enhance the transient stability of the DFIG based
variable speed wind generation system, first the performance of the different types of
internal controlled devices such as, crowbar, DC chopper and parallel capacitor with the
DC link of DFIG system has been investigated. From the analysis, it is established that
the internal controlled devices cannot maintain the grid code during all types of network
faults. This testifies the importance of the application of the auxiliary devices to enhance
the transient stability of the DFIG based wind generator system.
An investigation has been made to explore a device which could provide the best
performance in terms of transient stability enhancement for a grid-connected DFIG
system during faults. Ultimately, a DC resistive superconducting fault current limiter
(SFCL) is proposed because of its best performance. The DC resistive SFCL reduces the
iv

system power losses during stable operation of the network with improved system
efficiency, in comparison with the conventional SFCL. One of the salient features of
using the SFCL is that it does not require any controller, and immune to any sort of cyber
threat or vulnerability.
To verify the transient stability performance of the DFIG based wind generator
system with the proposed DC resistive SFCL, both the symmetrical and asymmetrical
faults are considered. The performance of the DC resistive SFCL is compared to that of
the series dynamic braking resistor (SDBR) and the conventional SFCL. Simulations are
carried out by using the Matlab/Simulink software. Simulation results clearly indicate
that the proposed DC resistive SFCL shows the best performance to enhance the transient
stability of the DFIG based wind generator system.
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CHAPTER 1
INTRODUCTION

The worldwide demand for energy is gradually growing. At the same time, this
trend is increasing the greenhouse gas emissions, which need to be corrected for a better
future of the earth. This is motivating major world powers to install renewable energy
sources all over the world. According to the International Energy Agency (IEA), 25% of
the world’s electricity will be supplied by renewable energy sources by 2035, and a
quarter of this will come from the wind [1]. Wind is a renewable resource that can be
used forever, free of cost. It is also pollution free, environmentally friendly, and
minimizes our dependence on the traditional fuels like oil, gas and coal.
For the wind energy conversion system (WECS), although there are lots of fixedspeed wind generators available in the world, the doubly fed induction generator (DFIG)
and permanent magnet synchronous generator (PMSG) are getting wider acceptance due
to their abilities to capture much more energy by running as variable speed wind
generator systems [2], [3]. Using DFIG is an attractive solution over the PMSG, as it
requires lower rated power electronic converters than the PMSG. Besides, the DFIG
provides better speed control with reduced flicker [4]. It is also reported that the
electronics face more faulty events in the systems using synchronous generators
compared to the system using induction generators [5]. Therefore, the DFIG system is
presently a very popular technology to harness electricity from wind energy.
Like conventional power systems, the WECS should have the feature of transient
stability, i.e., the ability to maintain synchronism when subjected to a severe disturbance,
such as a short circuit or a fault on a transmission line. An instable system may lead to
1

the disconnection of a great number of wind farms after a fault in the high voltage grid. In
the worst case scenario, this leads to the blackout problem for the entire power network.
That is why, due to the growth of wind power system, the power network must be able to
recover after the loss of a great number of wind farms, and this is mostly challenging in
the incidents of low load and high wind power production [6]. So, dealing with the
transient stability of the wind power system is extremely important to ensure the
reliability and continuity of the electrical power system.
The wind power generation system should have the low and high voltage ride
through capability, i.e., the wind generator should remain connected to the grid if the
voltage is lower and higher than the rated voltage, respectively, due to any problem of the
system. Most of the DFIGs are equipped with the crowbar system in order to maintain the
transient stability [7]. The crowbar operation helps protect the rotor circuit during faults.
Also, there is application of DC chopper and parallel capacitor across the DC link of the
DFIG system to improve its performance during the fault. But none of the crowbar
system, DC chopper or DC link parallel capacitor can help maintain the grid code for a
DFIG based WECS for all types of power system faults. Therefore, the necessity of the
auxiliary devices to improve the transient stability of the DFIG wind power system
cannot be ignored.
Among the auxiliary devices, both the series and shunt compensating Flexible AC
Transmission System (FACTS) devices support the WECS to maintain the fault ride
through ability [8]–[10]. In [11], it is mentioned that the series controller for a given
MVA size is several times more powerful than the shunt controller in order to improve

2

the voltage, and hence, line current and power flow directly. Adding series FACTS
device is the most cost effective way to improve the voltage profile.
Among the adopted series compensating FACTS devices, the thyristor controlled
series compensator (TCSC) [12], gate controlled series capacitor (GCSC) [13],
superconducting fault current limiter (SFCL) [14], bridge type fault current limiter
(BFCL) [15], [16], and series dynamic braking resistor (SDBR) [17] are considered to
improve the performance of the DFIG system. Out of these, the SFCL is one of the most
promising technologies to minimize the fault current, and to improve the transient
stability. It is already reported that the SFCL improves the transient stability of the wind
power system [18]–[20]. One of the attractive features in the SFCL operation is that it
does not require any controller. That is why this device is free from any cyber threat or
vulnerability, though the cost of the SFCL is still higher. Also using the SFCL introduces
significant system losses during normal operation of the system [21], and reduces the
overall system efficiency. To overcome this problem, a novel DC resistive SFCL is
reported and explained in detail in [22], which is based on the combined use of the
“resistive” and the “rectifier” fault current limiter concepts. The effective application of
the DC resistive SFCL in the power network is studied in [22], [23]. However, this new
technology has not been applied for enhancing the transient stability of the DFIG based
WECS. In this dissertation, it has been investigated that the DC resistive fault current
limiter offered the best performance to improve the transient stability for a DFIG based
WECS, among the available series compensating devices.

3

A. Purpose of the dissertation
This dissertation has made a significant contribution to the operation of the DFIG
based wind energy conversion system based on the grid code. In this dissertation, first an
investigation has been made based on the available internal controlled devices, such as
crowbar system, DC chopper or DC link parallel capacitor, to test the transient stability
improvement performance of the DFIG system. From this study it has been concluded
that internal controlled devices are not capable of supporting the DFIG system during all
types of grid faults in compliance with the US grid code.
In this research, the main focus has been given to develop and evaluate new series
compensating devices that will improve the transient stability of the DFIG based wind
energy conversion system. It has been found that the DC resistance Fault Current Limiter
is the best series compensation device so far to improve the transient stability of a DFIG
based WECS. In addition, it minimizes the losses across the SFCL during normal
operation of the system. In order to show the effectiveness of the proposed scheme, its
performance is compared with that of the series dynamic braking resistor (SDBR), and
SFCL. From all the research outcomes in this dissertation, it can be discerned that the DC
resistive fault current limiter outperforms all other series compensation devices to
improve the transient stability for a DFIG based WECS.

B. Novelty and contribution of the dissertation
The novelty and contribution of this dissertation are stated below:


Performance analysis and a comparative study among the internal

controlled devices like a crowbar, DC chopper and parallel capacitance for a DFIG

4

system has been made and the requirements mandated by grid codes to contribute to
the voltage stability during faults has also been tested. One of the major findings of
this inquiry is that internal controlled devices cannot abide by the requirements of the
grid codes. That is why, it is important to investigate the performance of the external
auxiliary devices for a DFIG based WECS.


For the first time the DC resistive fault current limiter (FCL) is introduced

to improve the transient stability of the DFIG based WECS in this dissertation.


The performance of the DC resistive fault current limiter (FCL) is

compared with that of other available series compensating devices, like SDBR and
SFCL. Finally, it can be concluded that the DC resistive FCL is the best series
compensating device in order to enhance the transient stability of the DFIG based
WECS.

C. Structure of the dissertation
The organization of this dissertation has been made as follows. In Chapter 2, the
wind energy conversion technology has been discussed in detail, setting out from the
history of wind power generation to its current status in the world. In Chapter 3, the
modeling and components of the doubly fed induction generator (DFIG) have been
explained. Grid code requirements and the transient stability have been discussed in the
Chapter 4. In addition, construction and operation of the internal controlled devices, such
as crowbar system, DC chopper and parallel capacitance, and external auxiliary devices
like the DC resistive fault current limiter, SFCL and SDBR are also explained in Chapter
4. In Chapter 5, all the results based on the application of the internal controlled devices
5

and the external auxiliary devices are presented with the analysis. Finally, Chapter 6
concludes the dissertation with the proposals of future work for the wind energy
conversion system.

6

CHAPTER 2
WIND ENERGY CONVERSION SYSTEM

A. Introduction
Wind energy or wind power refers to the process by which natural flow of wind is
used to generate mechanical power or electricity. Wind turbines transform the kinetic
energy of the wind into mechanical power and that mechanical power is used to create
electricity. Though wind power generation has some adverse environmental impacts like
creating noise, visual and climatic effects, these are minor when compared with the
negative impact of burning fossil fuel [24]. Social acceptance of wind power generation
has been also very high just after solar energy in comparison with other available
electrical power generation technologies [25].
This chapter will provide a detailed description of wind power generation
technology beginning from the history of wind power to current status with a
comprehensive explanation of the wind energy system.

B. History of wind power generation
The historical evolution of wind turbine technology is documented in many
publications. So, a brief history of the wind energy technology is discussed based on the
references [26]–[29].
For the thousands of years, wind power has been utilized for the benefit of human
beings. Appearance of the sailboats was the notable and most obvious lesson of using the
wind energy. Until the early twentieth century, wind power was primarily applied to
acquire mechanical power in order to pump water or to grind grain. The earliest
7

Fig. 1. Example of the Persian Windmill [26]

windmills recorded as vertical-axis mills, which were mainly drag devices as shown in
the Fig. 1. This type of technology was commonly found in the Arab nations.
The first detail horizontal-axis wind generator is mainly revealed from the
historical documents from Persia, Tibet and China at approximately 1000 A.D. The
horizontal-axis windmill was mainly spread from Persia and the Middle East to the
Mediterranean nations and Central Europe. In Europe, the development of the windmills
performance constantly occurred between the twelfth and nineteenth centuries. Besides,
the earliest proof of a Chinese windmill by the Chinese statesman Yehlu Chhu-Tshai was
in 1219 A.D.
American windmills with the self-governing systems were first commercially
introduced by Daniel Halladay in 1854 [27]. The popularity of windmills in the US
reached its peak between 1920 and 1930, and about 600,000 units were installed during

8

this period. During this time, small windmills for water pumping to water livestock
became very popular.
In reality, various type windmills were used all over the world for mainly
agricultural purposes. However, in [27], [29], it is reported that the first use of a large
wind generator in order to generate electricity was implemented by Charles F. Brush in
Cleveland, Ohio, in 1888. Though, in [28], it is claimed that Dane Poul LaCour was the
first individual to make the wind turbine technology to generate electricity in 1891.
Mainly, the Danish engineers improved the wind energy technology during World
Wars I and II. And this technology became real popular at that time to diminish the
energy shortages. In 1941/1942, the wind turbines designed by the Danish company F.L.
is considered as the forerunners of the modern wind turbine generator system. In the early
1950s, first mass production of the wind power plants was put off by the German
constructor Allgaier.
Nevertheless, after the 1960s, the attention in large scale wind power generation
was declined and became economically uninteresting due to the availability of cheaper
fossil fuels. Again, with the oil crises at the beginning of the 1970s, the attention in wind
power generation returned, as this technology was reasonably advanced at that time. As
an outcome, financial support for the research and development of this technology
became available mainly from the countries like Germany, USA and Sweden. The joint
efforts of these three countries helped develop large-scale wind turbine prototypes in the
Megawatt (MW) range. Currently the awareness against the global warming besides the
higher fuel price and reduction of the wind energy cost are the main realities to make this
technology popular all over the globe.

9

C. Current status
The development of the wind power generation is rapidly maturing, with
recognized reliability and affordability. Besides the low prices, the cost-stability of wind
energy against the wildly fluctuating prices of fossil fuels is making it a very smart option
for the consumers, independent power producers and corporations. This is clearly
reflected in the growth of the global annual installed wind power as shown in Fig. 2. The
annual installed capacity of wind power by region from 2006 to 2014 has been recorded
in Fig. 2, which depicts the current position of the wind power generation all around the
universe. After a slowdown in 2013, there is a 44 % increase in the wind power
installation, which shows a solid sign of the recovery in comparison to the past few years.
It is reported that total cumulative installed wind power all around the world is 369 GW
at the end of 2014 [30].

Fig. 2. Annual installed capacity of wind power by region 2006-2014 [30]
10

1) Market forecast of wind industry
The wind industry also has set a new record for annual installations by adding
approximately 51 GW of new wind generating capacity in 2014. As indicated in Fig. 3,
the wind markets forecast a rapid growth for the coming years. At the end of 2019, it is
speculated that the global installed wind capacity will be over 666 GW, which is almost
double than the current wind market. Surely, this positive trend of the wind industry
demands the research and evolution of this area.

Fig 3. Wind power market forecast for 2014-2019 [30]

2) Wind power in USA
There is a great prospect of the wind power generation in most of the states in the
USA. Presently, US is the second largest market in terms of total installed capacity after
China. In 2014, the US wind industry set up 4,854 MW of new capacity, which is four
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times more than in 2013 across the 19 states. Fig. 4 shows the installed wind power by
states in the USA till 2014.
The total wind power capacity in the US is more than 65 GW, which is enough to
power about 18 million average American homes[30]. The good news is that over the
past five years the cost of the wind power has been dropped to 58%, according to the
Lazard’s Levelized Cost of EnergyAnalysis1 report from September 2014 [30].
Gradually it is becoming one of reasonably priced sources of electricity in the USA.

Fig 4. Wind power installations by State in U.S. in 2014 [30]

D. Branches of engineering related to wind power technology
Efforts from the different branches of engineering are required to set a reliable
wind power generation technology. The major branches of engineering related to harness
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Fig 5. Taxonomy of the steps of wind power generation among the major branches of
engineering.

the wind power are highlighted in Fig. 5. In the WECS, there should be a close
association among the different branches of engineering to manage the wind turbine
aerodynamics, mechanical modeling, developing the structural design to yield a very
consistent electrical power output from the natural flow of wind.

E. Components of wind turbine
The primary parts of a wind energy conversion system are presented in the following
block diagram of Fig. 6. Brief explanation of the major components is described below-
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Fig 6. Major components of a wind power generation system [31]

1) Turbines blades and hub
A typical wind turbine requires a set of rotor blades rotating around a hub. The
hub is tied to a gear box and a generator, placed within the nacelle which houses the
Electrical parts. The wind turbine aerodynamic force is primarily responsible for the
electric power generation. Hence, the turbine aerodynamic is a very important research
area for the wind power generation, and the dynamic behavior of the turbine blade must
be considered when blades are longer than 45 m [32]. The rotor shape optimization helps
achieve in the utmost stress on more than 80% and creates more effective function of
rotor material [33]. Improper design of turbine not only brings down the efficiency of the
whole scheme, but also creates fatigue to the turbine components and shortens the period
of service. In addition, rotor turbine imbalance, yaw misalignment, wind shear and
turbine shadow create oscillation and deteriorate the generated power quality [34]–[36].
Day by day, larger grid-connected wind energy system is getting more attention
and global market for small wind turbine is not being popular [37]. To yield the
maximum power, small wind turbine should be rotated at the lowest possible wind speed
[38]. In general, small wind turbines are operated mostly in the low and moderate wind
speed area with a lower efficiency compared with the large wind generator system [37].
14

For a slow wind speed location, longer blades are required to generate more power [37],
[39]. But the transportation problem for carrying long turbines is creating a great barrier
to limit the higher capacity wind turbine growth for turbine installation on land [40], [41].

2) Gearbox
Most of the WECS has the gearbox in order to convert the low velocity of the
turbine rotor to the high velocity of the generator. However, the generator having higher
number of poles may not require the gearbox, which is generally known as a direct drive
system. Using gearbox is also one of the major problems in the WECS while coupling the
generator with the wind turbines. A gearbox is not only expensive, but also creates
vibration and noise [42]–[44], which subsequently introduce torsional oscillation and
create electrical power quality deterioration. Also, due to the tooth contact losses of the
gears, the efficiency of wind turbines is highly affected [39]. That is why, currently the
direct drive system is of greater interest of the wind energy researchers.

3) Energy extraction from the wind
There are two mainly types of turbine orientation for the power extraction from
the wind: (i) horizontal axis wind turbine (HAWT) and (ii) vertical axis wind turbine
(VAWT) systems. Most of the modern wind turbines use the horizontal axis
configuration with two or three blades [45]. The turbine with three blades is more popular
for its symmetrical loading, though its cost is around 50% higher than the two blade
system [46].
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Fig 7. Horizontal Axis wind turbine system

In a conventional HAWT, a large tower rests on a deep, solid foundation,
supporting a nacelle with rotating blades at the top of the tower shown in Fig. 7. The
nacelle contains gearbox, generator, power electronic devices, and yaw mechanism [47].
Wind turbines begin to produce power at the cut in wind speed of about 4 m/s (9
mph), achieve rated power at approximately 12 m/s (29 mph), and stop power production
at the cut out wind speed of nearly 25 m/s (56 mph) [48], as shown in Fig. 8. One
important finding is that almost every country has sites with an average wind speed of
more than 5 m/s at a height of 10 m [49], which is higher than the cut in wind speed. This
indicates that wind power generation is possible in most of the nations on the globe.
To get the steady wind flow, some designs are presented to harness higher altitude
wind power in [50]–[53]. For a HAWT system, considering the structural and financial
aspects, it is not convenient to setup the turbines having more than 100–120 m of height
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Fig 8. Display of the three wind speeds on an ideal wind turbine power curve [48]

[51]. In [54], it is discussed that the fitting method is the best way to optimize the tower
height matching for a wind farm.
To calculate the power obtained from a wind generator system, different wind
turbine modeling systems are available. However, the MOD-2 wind turbine modeling
system is extensively used, which is shown in detail in [55]. The mechanical power, P,
captured by a wind turbine can be expressed as follows:
1
P = . ρ. πR2 . Vw3 . Cp (λ, β)
2

(1)

Where, ρ = Air density, R = Radius of the turbine blades, Vw = Wind speed, and
Cp (λ, β) = Betz constant, i.e., power conversion coefficient; which is a function of both
tip speed ratio, λ, and blade pitch angle, β. According to Betz, theoretically up to 59%
power can be extracted from the wind [56]. The tip speed ratio is defined as,
𝜆=

Rω
Vw
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(2)

Here, ω is the mechanical angular velocity of the turbine in rad/s. The
characteristics of the power conversion coefficient [Cp (λ, β)] of the turbine aerodynamics
can be estimated by the non-linear functions. For the wind turbine modeling, the wellknown Cp (λ, β) equation as shown in (3) [26], [57] is considered in this work.
−c5
c2
𝐶𝑝 (𝜆, 𝛽) = c1 ( − c3 β − c4 ) e λi + c6 λ
λi

(3)

Where,
1
0.035 −1
− 3
]
λ + 0.08β β + 1

𝜆𝑖 = [

(4)

The coefficients from c1 to c6 are: c1 = 0.5176, c2 = 116, c3 = 0.4, c4 = 5, c5 = 21
and c6 = 0.0068.

4) Contemporary wind energy extraction technique
Still now Blade Element Momentum (BEM) theory is prominently used in the
wind industry for wind turbine modeling [58]–[60]. Besides, taking steps to make the
WECS reliable electrically, lots of works are still going on to support the wind generator
from capturing stable wind energy from the nature. In [61], the concept of a smart wind
turbine has been shown where the turbine blades are extended to increase the swept area
of wind flow when the wind speed falls below the required wind speed. Another new idea
has been mathematically developed and tested in [62], where multiple hydraulic power
transfer systems have been integrated to connect several wind turbines to a central
generation unit. Though hydraulic transmission system is considerably lighter than the
gearboxes and facilitates continuously variable transmission, but their efficiency is lower
[63].
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5) Maximum power point tracking technology
For a WECS, the optimum wind energy can be extracted by operating the wind
turbine in variable speed mode. As shown in Fig. 9, there is an optimum turbine angular
velocity or a tip speed ratio, for which the maximum wind power can be captured at a
specific wind speed [64], [65]. A maximum power point tracking algorithm helps
increase the power conversion efficiency by regulating the turbine angular velocity.
Mostly, there are three types of MPPT algorithms, namely tip speed ratio (TSR) control,
perturb and observe (P&O), and optimum relationship-based (ORB) control [66]. In [67],
it is shown that increased number of turbine blades lowers the tip speed ratio and
increases the amount of power captured by the wind.

Optimal Line
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Wind Generator Power (Watt)

Wind speed,
Vw1 <Vw2 <Vw3 < …….< Vwn
Maximum
Power
Point

P4

Vwn

P3
Vw4
P2

Vw3
Vw2

P1
Vw1
ω1

ω2

ωn

Turbine Angular Velocity (rad/sec)

Fig 9. Power generation from the WECS at the variable wind speed.
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6) Wind forecasting
Wind forecasting is very important for a wind farm to make an approximate
estimation of the expected wind power generation ahead of time. Certainly an appropriate
forecasting tool assists the wind generation system to minimize the negative impact of the
intermittent nature of the wind power generation.
In [68], [69], it is mentioned that different types of conventional statistical
approaches, such as auto regressive moving average (ARMA) models, auto regressive
integrated moving average (ARIMA) models, and Kalman filter can be considered for
wind speed forecasting. Besides, machine learning based techniques such as multilayer
perceptron (MLP) neural networks and radial basis function (RBF) neural networks are
also reported to estimate the wind speed uncertainty behavior ahead of time [68]. There
are also applications of fuzzy logic and the combination of a Fuzzy Classifier with a
Temporal Neural Network as forecasting methods [70]. In [69], [70], a comparative study
among the various forecasting tools is reported, which is helpful to comprehend among
the different types of forecasting tools. In [69], it is stated that for the long term
forecasting – numerical weather prediction (NWP) models; for short term forecasting:
Box–Jenkins models (i.e. AR, ARMA models, etc.), neural network-based models and
fuzzy logic models; and both for the long and short-term prediction – a combination of
different physical and statistical models can generate better results. Certainly an accurate
forecasting tool will improve the reliability of the wind power system with minimum
operational cost.
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7) Wind generation system
The wind energy conversion system is of mainly two types, namely the fixed
speed and variable speed operation systems. As compared to the fixed speed wind
generation systems, the variable speed wind generation systems produce more power [2],
[45], [71], [72], and provide less stress on the generator shaft, as the shaft speed can vary
with the variation of wind speed [73]. The variable speed WECS is also cost effective and
provide simple pitch control for the turbine [74]. That is why, the variable speed wind
energy conversion system is being attractive and getting increased market share day by
day.
Between the dc and ac generators, the dc generators are not popular in the wind
energy conversion system due their higher expenditure and maintenance with lower
rating [45]. The ac generators mostly dominate the market. A brief review on the
synchronous and asynchronous generators is discussed below.

i) Synchronous generator
In WECS, the salient pole machines are used due to having higher number of
poles, which help generate power at low wind speed [75]. Currently, the PMSG with full
power electronic conversion system is an attractive solution to generate power where the
gear-box is not used [2], [42], [44], [76]–[81]. The PMSG has higher efficiency with
lower maintenance due to having no slip rings. Moreover, the PMSG is more stable and
lower in weight than the asynchronous generator due to its reactive power controlling
capability. In [77], a novel single layer winding layout of PMSG has been demonstrated
to improve the performance quality of low speed direct drive PMSG. The synchronous
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generator can be connected with or without gear shown in Fig. 10 (a) and (b). For a
gearless PMSG system, multiple numbers of poles are selected to generate power at
lower rotational speed. As the weight of PMSG is low and can run without gear, this
topology is also very attractive due to put lower weight over the tower.

ii) Asynchronous/induction generator
Due to their ruggedness and brushless structure (in squirrel cage), and lower price,
induction generators are also widely used in the WECS [60]. The fixed speed WECS with
the induction generators can be directly coupled with the grid, as shown in Fig. 10 (c). As
an induction generator always draws reactive power from the grid, this topology uses the
capacitor bank for the compensation of reactive power. Also, a current limiter/soft starter
is used to minimize the inrush current during startup of the induction generator [48], [82],
[83]. The variable speed induction generator with full scale power converter, shown in
Fig. 10 (a), grieves less stress on the shaft and gears compared to the fixed speed
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Fig 10. (a) Variable-speed synchronous/ induction generator with full scale power
converters; (b) Variable-speed, gearless multi pole PMSG based WECS; (c) Fixed-speed
WECS, directly connected to the grid; (d) Variable-speed doubly-fed induction generator.
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Fig 11. Components failure rates of induction and synchronous generators based WECS
per operational year [91].

generation system. Currently the DFIG occupies near 50% of the wind energy market due
to having low rated power converters with improved efficiency [84]. As shown in Fig. 10
(d), the power converter used by the DFIG is usually 25–30% of the rated power system
[85]–[90].

8) Fault events analysis of the WECS
Figs. 11 and 12 demonstrate the components and power electronics failure for the
induction and synchronous generators based WECS. From Fig. 11 it is noted that faulty
events are always higher for the synchronous generators and there is the increase in faulty
events after the first year [91]. Besides, the power electronics failure rate is also more for
the synchronous generator based WECS than the induction generator based WECS
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Fig 12. Power electronics failure rates of induction and synchronous generators, and
direct drive based WECS per operational year [91].

which is presented in Fig. 12. However, the power electronics failure rate is the highest
for the direct drive wind power generation system.
Therefore, based on the failure data, it is seen that the induction generator based
WECS is a preferred technology to generate electricity from the wind.

F. Necessity and development of power electronics
The advancement of power electronics is helping the wind power system to
increase the reliability and power quality of the entire system by reducing the turbine
mechanical stress and increasing the wind power yielding with better control of the whole
system [92]. In Fig. 10 (a), (b) and (d), it has been clearly shown that the power
electronic converters are very important for the variable speed WECS. Though power
electronics devices increase the cost, but help reduce the expense of mechanical
25

construction in order to absorb the mechanical stress, as the wind gust generates torque
pulsations in the drive train. The power electronic devices also help eliminate the gearbox
which is a great development in the wind industry, as the gearbox is a great source of loss
and failure in the whole system.
For the installation of large generator system, the rating of the power electronics
is a great issue. Currently, the development of Silicon Carbide (SiC) devices with the
formation of the parallel or cascaded converter is helping keep the voltage and current
rating much lower [93]. Also, multiple converter technology is adopted in the wind
energy conversion technology [94]–[96]. Still now the voltage source converters (VSCs)
are dominating for both the DFIG and PMSG based WECS. But compared with the VSC
and load-commutated inverter (LCI) based configurations, the pulse width modulation
based current source converter (CSC) offers a simple configuration and excellent grid
integration performance [97].

Fig 13. Wind firm power output [98]
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G. Necessity of energy storage system in WECS
The energy storage devices have the capability to store the excessive generated
energy and to supply the stored energy to the consumers when there is a shortage of
power generation. Typically, the wind power output is not consistent and varied with
time due to the variation of wind flow. In [99], [100], the uncertainty of wind power is
modeled. In Fig. 13, the output of a typical wind farm has been depicted, which indicates
that the wind power generation is not consistent due to the intermittent nature of wind
flow. That is why, it is very important to use the energy storage system (ESS) for a
reliable WECS. The available energy storage technologies are battery energy storage
(BES) [98], [101]–[103], superconductive magnetic energy storage (SMES) [104]–[108],
capacitor energy storage (CES) [109], [110], pumped hydro energy storage [111], fly
wheel energy storage [112], [113], hydrogen storage system [114], etc. There is also
application of combined energy storage systems [115]–[117]. The CES, high speed
flywheel and Sodium Sulphur batteries have higher round-trip efficiency [118].
A supervisory control, with external energy sources and with the proper sizing of
energy storage devices [119], [120], can enhance the performance of the WECS [121]. In
[122], a novel coordinated operational dispatch scheme for a wind farm with a battery
energy storage system is proposed. In [123], a novel approach to connect the energy
storage system with the micro-grid has been presented. Different control algorithms and
sizing strategies for the ESS to manage energy imbalance for wind power system have
been presented in [124]. Regarding the placement of ESS, the authors in [125] have
suggested to install the ESS close to the wind farm in order to share the same
transmission line for the on-site energy storage and the wind generation to connect to the
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main grid. It is observed that the power quality, stability and reliability of the WECS are
remarkably improved with the integration of the energy storage in the power system.

H. Conclusion
In this chapter, requirements and scopes to design a reliable wind energy
conversion system have been discussed. Certainly, the research and development of wind
power generation technology will be continued to establish this technology intensely to
meet up the world electricity demand with no compromise on power continuity, quality
and complete system reliability for this technology. So, for the development of wind
energy systems, there should be a close relationship among the different branches of
engineering in order to manage the wind turbine aerodynamics, mechanical modeling,
developing the structural design to yield a very consistent electrical power output from
the natural flow of wind.
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CHAPTER 3
DFIG SYSTEM MODELING

A. Introduction to DFIG
Standard doubly-fed electric machines are basically three-phase wound-rotor
induction machines, where AC currents are fed into both the stator and the rotor
windings. The basic configuration of a DFIG based wind turbine system is shown in Fig.
14, where the stator of the machine is directly connected to the grid through a
transformer, and the wound rotor is also connected to the grid with the help of AC-DC
and DC-AC converters. Two three-phase pulse width modulated (PWM) voltage source
converters, i.e., the rotor side converter (RSC) and grid side converter (GSC) are coupled
to a common DC link. In this research, the vector control method has been used to control
the RSC and GSC controllers of the DFIG, which is described in detail in [126], [127].
One of the main reasons for the acceptance of DFIG in wind energy applications
is that it offers better performance for the variable speed wind generation system. Also,
relatively small power converters are required to control the generator. As shown in Fig.
14, the power converter used by the DFIG is usually 25% to 30% of the rated power
system [85]. As a result, power loss in the electronic converter is reduced, compared to a
system where the converter has to exchange the entire power. Also, the system cost
becomes lower due to using the partially rated power converters.
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Fig. 14. Outline of the Doubly-fed induction generator with partial scale power
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B. Mathematical modeling of DFIG
The Doubly Fed Induction Generator (DFIG) system can be represented by the
classical T-circuit for a specific angular speed. The equivalent circuit of the steady state
DFIG system can be represented by the following Fig. 15 [128], where all the parameters
and variables are considered in p.u.

Iqs-jIds

Vqs-jVds

Rs

jXrl

jXsl

Rs /s

jXm

Iqr-jIdr

(Vqr-jVdr)/s

Fig 15. Equivalent circuit of a DFIG
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By applying voltage Kirchoff’s law in the two circuit loops, the steady state
characteristics of the DFIG can be shown as follows [128]:
𝐼𝑞𝑠
−𝑅𝑠
𝑋𝑠
𝐼𝑑𝑠
=[
𝐼𝑞𝑟
0
𝑋𝑚
[ 𝐼𝑑𝑟 ]

−𝑋𝑠
−𝑅𝑠
−𝑋𝑚
0

0
𝑋𝑠
𝑅𝑠 ⁄𝑠
−𝑋𝑟

𝑋𝑚 −1 𝑉𝑞𝑠
𝑉𝑑𝑠
−𝑋𝑚
]
𝑉𝑞𝑟 ⁄𝑠
𝑋𝑟
𝑅𝑟 ⁄𝑠
[ 𝑉𝑞𝑟 ⁄𝑠 ]

Where, Xs = Xsl +Xm and Xr = Xrl + Xm

C. Control of DFIG system
1) Rotor Side Converter (RSC) Controller
The rotor side converter (RSC) shown in Fig. 16 is used to control both the active
power and reactive powers of the stator’s terminal of the DFIG [127]. The RSC is a
power electronic full bridge 2-level, 6-pulse converter that converts the DC voltage of the
DC link into a voltage and connects to the rotor of the machine. In DFIG, as the rotor is
fed by an inverter, the rotor currents are usually controlled using a rotating frame aligned
with the stator flux [129]. The RSC controller takes the terminal active power Ps and the
reactive power Qs as inputs and controls the output active and reactive powers. Park’s
transformation is considered to convert the three phase quantities into the equivalent d
and q components and vice versa. A proportional integral (PI) controller is used to
produce appropriate reference signals for the three phase PWM signal generator block.
The PWM generates pulses for switching the RSC.
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Fig 16. Rotor Side Converter (RSC) controller

2) Grid side converter (GSC) Controller
The grid side converter (GSC) controller, shown in Fig. 17, takes the DC link
voltage Vdc and the rotor line reactive power as inputs to regulate the voltage of the DC
link, and generates an independent reactive power that is injected into the grid [127]. To
control the reactive power of the DFIG, injection and consumption of reactive power
needs to be controlled either by the rotor or the stator circuit. In fact, the GSC in the rotor
circuit always controls the reactive power to zero [130]. That is why, iqs_ref is considered
to be zero. The GSC ensures the energy balance on both sides of the DC-link by
maintaining the fixed DC-link voltage. In the DFIG model, a capacitor of 14000 μF is
used to minimize the ripple of the DC voltage of 1200 Volts.
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D. Mathematical modeling of DFIG performance during fault
For a synchronously rotating reference frame, the equations of an induction
machine can be described as follows [131],where all the parameters and variables are
considered from the stator side.
d (Ls⃗is + Lm⃗i𝑟 )
+ j⍵s ⃗⃗⃗
ѱs
dt

(5)

d (Lr⃗ir + Lm⃗i𝑠 )
⃗⃗⃗𝑟
+ j(⍵s − ⍵𝑟 )ѱ
dt

(6)

𝑣⃗s = R s 𝑖⃗s +
𝑣⃗𝑟 = R 𝑟 ⃗i𝑟 +
Where,

𝐿𝑠 = 𝐿𝑚 + 𝐿𝑠𝑙
𝐿𝑟 = 𝐿𝑚 + 𝐿𝑟𝑙
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In the above equations, v, i, ψ, R, and L indicate the voltage, current, flux linkage,
resistance, and inductance, respectively. And the subscripts s, r, m, and l symbolize the
stator, rotor, mutual, and leakage quantities, respectively.
The equivalent circuit of the induction machine in order to analyze the transient
stability is shown in Fig. 18.
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Fig 18. Equivalent circuit of the induction machine for transient study

The stator and rotor current can be written as follows [131]𝑖⃗s =

1
𝐿2
(𝐿𝑠 − 𝐿𝑚 )
𝑟

𝑖⃗r = −

𝐿𝑚
𝐿𝑠

⃗ѱ
⃗⃗s +

1
𝐿2𝑚

(𝐿𝑟 − 𝐿 )
𝑠

𝐿𝑚
𝐿𝑟

1
𝐿2
(𝐿𝑠 − 𝐿𝑚 )
𝑟

⃗⃗⃗s +
ѱ

⃗ѱ
⃗⃗r

1
𝐿2𝑚

(𝐿𝑟 − 𝐿 )
𝑠

⃗⃗⃗r
ѱ

In [131], the transient stator and rotor inductances are introduced, which are
represented by, 𝐿́𝑠 , and 𝐿́𝑟 .
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(7)

(8)

Now,
𝐿́𝑠 = 𝐿𝑠𝑙 +

𝐿𝑚 𝐿𝑟𝑙
𝐿𝑚 + 𝐿𝑟𝑙

(9)

𝐿́𝑟 = 𝐿𝑟𝑙 +

𝐿𝑚 𝐿𝑠𝑙
𝐿𝑚 + 𝐿𝑠𝑙

(10)

The stator and rotor coupling factors are Ks and Kr, respectively, which can be
represented by𝑘𝑠 =

𝐿𝑚
𝐿𝑠

𝑘𝑟 =

𝐿𝑚
𝐿𝑟

Leakage factor is represented by l, which is as follows𝐿2𝑚
𝑙 =1−
𝐿𝑟 𝐿𝑠
Now, both the stator and rotor currents can be simplified by the following two
equations𝑖⃗s =

⃗⃗⃗
⃗⃗⃗
ѱs
ѱr
− 𝑘𝑟
𝐿́𝑠
𝐿́𝑠

𝑖⃗r = −𝑘𝑠

⃗⃗⃗
ѱs ⃗⃗⃗
ѱr
+
𝐿́𝑟 𝐿́𝑟

(11)

(12)

In the steady state condition, the resistance of the stator can be neglected, and the
rotor current is zero (Ir =0), before the short circuit. The stator current, stator and rotor
flux can be represented by-
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𝐼𝑠 𝑒

𝑗𝜔𝑠 𝑡

𝑉𝑠 𝑒 𝑗𝜔𝑠 𝑡
=
𝑗𝑋𝑠

ѱ𝑠 𝑒 𝑗𝜔𝑠 𝑡 = 𝐼𝑠 𝑒 𝑗𝜔𝑠 𝑡 𝐿𝑠 =

ѱ𝑟 𝑒

𝑗𝜔𝑠 𝑡

= 𝐼𝑠 𝑒

𝑗𝜔𝑠 𝑡

𝑉𝑠 𝑒 𝑗𝜔𝑠 𝑡
𝑗⍵𝑠

𝐿𝑚 𝑉𝑠 𝑒 𝑗𝜔𝑠 𝑡
𝑉𝑠 𝑒 𝑗𝜔𝑠 𝑡
𝐿𝑚 =
= 𝑘𝑠
𝐿𝑠 𝑗⍵𝑠
𝑗⍵𝑠

(13)

(14)

(15)

Now for analyzing the fault condition, a three phase short circuit fault is
considered at the stator terminal of the DFIG at t = 0. During this period, both the stator
and rotor winding will be short circuited, which indicates that flux in both the windings
does not change. Usually, the stator flux is fixed to the stator. However, the flux of the
rotor varies with the rotor. Both the stator and rotor flux can be calculated during fault by
[131]ѱ𝑠,0 =

ѱ𝑟,0 = 𝐼𝑠 𝑒

𝑗𝜔𝑠 𝑡

√2𝑉𝑠
𝑗⍵𝑠

√2𝑉𝑠 𝑒 𝑗𝜔𝑠 𝑡
𝐿𝑠 = 𝑘𝑠
𝑗⍵𝑠

(16)

(17)

Finally, during the symmetrical fault, the stator short circuit current can be
obtained by the following equation𝑖⃗s =

⃗ѱ
⃗⃗s
⃗ѱ
⃗⃗r
⃗ѱ
⃗⃗s − 𝑘𝑟 ⃗ѱ
⃗⃗r
√2𝑉𝑠
− 𝑘𝑟
=
=
[1 − 𝑘𝑠 𝑘𝑟 𝑒 𝑗𝜔𝑠 𝑡 ]
𝐿́𝑠
𝐿́𝑠
𝐿́𝑠
𝑗⍵𝑠 𝐿́𝑠

(18)

Here, the rotor and stator resistance are neglected. For the damping of the DC
components in stator and rotor, by considering the rotor and stator resistance, the time
constants are specified by [131]𝑇́𝑠 =
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𝐿́𝑠
𝑅𝑠

𝑇́𝑟 =

𝐿́𝑟
𝑅𝑟

Finally, the stator short circuit current can be achieved by the following equation
[131]𝑖⃗s =

−𝑡⁄
−𝑡⁄
√2𝑉𝑠
[𝑒 𝑇́𝑠 − 𝑘𝑠 𝑘𝑟 𝑒 𝑗𝜔𝑠 𝑡 𝑒 𝑇́𝑟 ]
𝑗⍵𝑠 𝐿́𝑠

(19)

After half a period gives a good approximation of the maximum current, which
can be represented by [131]-

is,max =

−T⁄
√2Vs −T⁄2T́
2T́ r ]
s −k k e
[e
s r
j⍵s Ĺs

=

−TLr
√2Vs −TRs⁄2Ĺ
⁄ ́
2Lr ]
s −k k e
[e
s r
j⍵s Ĺs

(20)

In [132], the low voltage ride through (LVRT) of a DFIG system has been
analyzed. For a symmetrical fault the stator voltage will be as follows𝑉𝑠𝑝 = 𝑉𝑠 (1 − 𝑑)

(21)

Where d indicates the depth of voltage dip, p indicates the positive sequence
component, and Vs is the magnitude of the stator voltage during a steady condition. For a
DFIG system, usually the slip is considered ±20%. For an extreme fault condition (d= 1, s
= - 20%), maximum magnitude of rotor back EMF voltage [132]𝑉𝑟 max _𝑠𝑦𝑚 = 1.2
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𝐿𝑚
𝑉
𝐿𝑠 𝑠

(22)

E. Conclusion
Presently, wind power generation with the doubly fed induction generator (DFIG)
is the most popular technology in the wind energy market due to having low rated power
converters with improved efficiency, better speed control with reduced flicker.
The modeling of the DFIG system has been shown with the RSC and GSC
systems. Also, the response of the DFIG during the steady state and fault conditions are
mathematically evaluated.
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CHAPTER 4
DEVICES TO IMPROVE TRANSIENT STABILITY OF DFIG

A. Introduction
Doubly fed induction generation (DFIG) system is currently popular all over the
world. As the penetration of wind energy is gradually increasing, it is very important to
investigate the transient stability of the DFIG system in order to maintain the grid code
enforced by the regulatory organization of a country. Like conventional power systems,
the DFIG system should possess the characteristic of transient stability, i.e., the control to
maintain synchronism when subjected to a severe disturbance, such as a short circuit or a
fault along a transmission line. Otherwise, failure to do so, blackout may happen.
In this chapter, first the grid code of different countries is explained. Next, the
operation of different types of internal and external devices is explained, which are
considered in this dissertation in order to test their effectiveness to improve the transient
stability of the DFIG system.

B. Grid code requirements for WECS
Low voltage ride through is the most important prerequisite for integrating the
wind farm with the power system, which has been recently introduced in the grid codes
[133]. According to the modern grid codes, it is obligatory for the wind generator systems
to remain operational during voltage disturbances, up to a specified time periods and
associated voltage levels. Otherwise, the additional loss of power generation, as a result
of the disconnection of the WECS, can cause a greater generation/consumption
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imbalance, and therefore the system frequency can be dropped. Also, in the immediate
disconnection of wind generating units can make a larger voltage dip and eventually
failure of voltage stability in the affected area.
Grid code requirements for the wind power integration in Europe are well
described in [133] and shown in Fig. 19. According to the German code, wind turbines
connected to the power network have to sustain the operation within the 150 ms after the
fault appearance, even if the voltage at the point of common coupling (PCC) falls to zero
[47].

Fig 19. Low voltage ride through requirement in various grid codes in Europe [133]
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The US grid code has been considered for analysing the voltage stability during
faults as described by the Fig. 20 [47], [134]. In US grid code, according to the low
voltage ride through (LVRT) specification, the wind turbines should stay connected to
the grid and requires supplying reactive power when the voltage at the PCC falls in the
‘gray color’ area, shown in Fig. 20. Furthermore, wind farms must be able to function
continuously at 90% of the rated line voltage, which is measured at the high-voltage side
of the wind plant substation transformers.

Fig 20. Typical low voltage ride through requirement in United States [47].

C. Application of internal controllers
In this section mainly three types of internal controlled devices will be discussed,
such as crowbar system, DC chopper, and the parallel capacitance.
1) Crowbar
The Crowbar system short-circuits the rotor winding of the DFIG through
resistors, therefore limiting the rotor voltage and providing an additional path for the
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rotor current during the network disturbance. The crowbar system helps avoid damaging
the rotor-side converter (RSC) by isolating it from the rotor.
i)

Crowbar construction
The crowbar is connected within the rotor and the RSC, shown in Fig. 21 [7],

[135]. The traditional crowbar, modeled by a resistor and a power electronics switch for
each phase of the rotor as described in [7], has been considered in this dissertation, and its
performance is compared with that of the DC resistive SFCL and the SDBR.

Wind Turbine
Gear Box

Doubly-fed Induction
Generator

Transformer

To Load/
Grid

IGBT Switch

Rc.bar

AC
DC

Crowbar System

Rotor side
converter

+
DC Link
-

DC
AC

Grid side
converter

Fig 21. DFIG system with the crowbar system

ii) Control of crowbar
The crowbar is activated by connecting all three phases of the rotor through the
crowbar resistors to ground, when either the rotor current or the DC-link voltage exceeds
the reference value due to the occurrence of any anomalous situation. At this time, the
RSC is kept isolated from the rotor of the DFIG. As soon as the DC link voltage reaches
its normal range, the crowbar becomes deactivated and the RSC is reconnected with the
DFIG. Also, the reactive current component of the generator is increased in order to
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support the grid [136]. The crowbar system also can be activated again, immediately after
the post fault conditions [7], [135].

2) DC chopper
The DC-link chopper is another type internal protection device that bypasses the
DC-link through a resistor, when the DC-link voltage goes beyond a specified threshold
value during any abnormal condition of the system. The chopper enables a quick
recovery of the DC-link potential. The IGBT chopper circuit is usually used to engage
and disengage the resistor across the DC link capacitor of the DFIG system [137].
One of the main drawbacks of the crowbar system is that it requires the
disconnection of the rotor side converter of the DFIG during a grid fault. Also the cost of
the crowbar system is comparatively high [17]. These promote to use an alternative
system like the DC-link chopper protection scheme.
To configure the DC chopper, a switch with power resistor is connected in series,
and they are placed in parallel with the DC-link capacitor, as shown in the Fig. 22. The
variation in DC-link voltage is mainly limited by the DC-link capacitance, and the
voltage across a DC chopper circuit remains roughly constant. So, the resistor of the
chopper can then be considered as nearly a constant load. Thus, the power across the DC
chopper can be calculated as:
𝑃𝑐ℎ𝑜𝑝.

2
𝑉𝑑𝑐
=
𝑅𝑐ℎ𝑜𝑝.
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(23)
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Grid
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Grid side
converter

IGBT
Switch

Rchop.

Fig 22. DFIG system with the DC Link Chopper system

i) Control of DC Chopper
In the event of transient overcurrent for a consequence of the grid fault, the PWM
controller of the rotor-side converter may be deactivated, and therefore the rotor
converter’s IGBT switches are completely disabled [137]. As a result, the transient rotor
currents are required to carry through the rotor converter diodes. Rotor demagnetization
energy is dumped into the DC link of the DFIG system, which causes to develop the
higher DC-link voltage quickly. The rise of the resulting DC-link voltage activates the
chopper. The DC chopper absorbs the power through the chopper resistor and helps
prevent a dangerous overvoltage event across the DC link capacitor. When the rotor
transients are necessarily decayed, rotor-side PWM and rotor current controller are again
restarted.
In the DC chopper scheme of Fig. 22, the triggering pulse signal to the IGBT
from the controller is initiated when DC link voltage exceeds the desired value.
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Therefore, the chopper is turned ON in order to dissipate the extra energy in the internal
resistance (Rchop.).

3) Parallel Capacitor
Adding parallel capacitance to minimize the rise of DC link voltage during fault is
a novel concept to improve the fault ride-through (FRT) capability of the doubly fed
induction generator-based wind turbine [138] as shown in Fig. 23. The DC link power
can be expressed as follows [138]𝑃𝐷𝐶 =

3
3
(𝑣𝑑𝑟 𝑖𝑑𝑟 + 𝑣𝑞𝑟 𝑖𝑞𝑟 ) − (𝑣𝑑𝑠 𝑖𝑑𝑠 + 𝑣𝑞𝑠 𝑖𝑞𝑠 )
2
2

(24)

The behavior of the DC-link voltage can be expressed in the s-domain by [138]𝑉𝐷𝐶 (𝑠) = 𝐼𝐷𝐶 (𝑠)

1 𝑉𝑑𝑐 (0+ )
+
𝑠𝐶
𝑠

(25)

So, from the above equation it is clearly understood that the rise of the DC link
voltage can be minimized by increasing the value of DC link capacitance, which can be
achieved by connecting an extra capacitor in parallel with the DC link capacitor during
network disturbances.
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Fig. 23. Arrangement of a parallel capacitor system with DC Link of DFIG

i) Control of the Parallel Capacitor
The operation of the parallel capacitor is performed by controlling two switches
(S1) and (S2) to activate the charging and discharging path, respectively. However, both
the switches cannot be ON and OFF at the same time. When the fault is detected, S1 is
turned ON to allow the parallel capacitor (C1) to be charged for the entire fault duration.
As soon as the fault is cleared, S1 is turned OFF and S2 is turned ON in order to discharge
the capacitor (C1) through the resistance (RC1). This is how the extra capacitor is
connected with the DC link in parallel during a network fault to minimize the rise of the
DC-link voltage.
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D. Application of the auxiliary devices
In this research, it has been investigated that none of the crowbar system, DC
chopper or DC link parallel capacitor can help maintain the grid code for a DFIG based
WECS for all types of power system faults, which are discussed in detail in the chapter 5
of this dissertation. Therefore, it is really important to engage the external auxiliary
devices with the DFIG system to better the transient stability in accordance with the grid
code. In this section, the external auxiliary controlled devices, such as DC resistive fault
current limiter, SFCL and the SDBR are considered, and their effectiveness is tested in a
DFIG system in order to improve the transient stability.

1) DC resistive SFCL
i) DC resistive SFCL configuration
The DC resistive SFCL is a combination of the rectifier and resistive type SFCL
shown in Fig. 24, where a low inductance superconducting coil is designed in order to
quench when the current flows over the rated value, thus minimizing excessive fault
current. The quench resistor of the superconducting coil is represented by RSC, which
varies with the current intensity. During normal operation of the system, the resistance of
RSC is negligible. The rectifier with the combinations of the four diodes (D1-D4) in each
phase, allows the superconductor to operate in nearly DC current conditions. This helps
reduce the AC losses in the superconductor, and hence improves the efficiency of the
system.

47

ii) DC resistive SFCL operation
In the DC resistive SFCL, one half cycle of the electrical frequency line current
(ILine) is carried through the path D1-RSC-LSC-D3, and for another half cycle, this path
becomes D2-RSC-LSC-D4. Due to this, the current (ISFCL) flowing through the
superconducting coil is unidirectional. This helps minimize the loss across the coil, LSC.
Although there are some power losses across the rectifier diodes, it is reported that using
the DC resistive SFCL provides better system efficiency, even when considering these
losses [22], [23].

D1

ISFCL

ILine

D2

RSC
LSC
D3

D4

Fig 24. DC resistive SFCL topology

iii) DC resistive SFCL Control strategy
During any disturbances of the system, the line voltage, line current, DC link
voltage of the DFIG, and active and reactive powers through the line are highly affected.
Usually these changes are considered to control the auxiliary devices. But one of the
main advantages of using the SFCL is that no additional controller is required for the DC
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resistive SFCL to be changed from the superconducting to non-superconducting states.
The DC resistive SFCL remains connected in series with the system all of the time.
However, in the simulation, the property of the DC resistive SFCL is maintained by
varying the resistor (RSC) value.
The SFCL is modeled as a variable resistance such that the value of the resistance
varies exponentially from 0 p.u. to 2.0 p.u., when it detects the fault current exceeding the
predetermined threshold value [139]. During steady operation, the value of RSC is kept
zero. In [140], although 0.135 p.u. SFCL resistance (based on the machine rating) has
been considered to improve the performance of the DFIG based wind turbine, the overall
performance of the DFIG was not significantly improved. Typically, the higher the SFCL
impedance, the better the performance [14].
In this research, the value of the DC resistive SFCL is obtained by the trial and
error approach for the considered power system, for both the symmetrical and
asymmetrical faults. According to IEEE 1159 Standard, to avoid the voltage sag or
voltage swell, the desired voltage should be within ±10% of the nominal value [141].
Also for the safety of the electronic equipment, the steady-state voltage tolerance is in the
range of ±10% from the nominal voltage [142]. Therefore, the value of the resistance of
the DC resistive SFCL is chosen such a way so that voltage remains in the range of ±10%
of the nominal voltage during the fault conditions.
Figs. 25 and 26 show the DFIG terminal voltage with different valued DC
resistive fault current limiter for the incident of 3LG and 1LG faults, respectively. In Fig.
25, for a 3LG fault, the DFIG terminal voltages for three different values DC resistive
SFCL are shown. It is observed that the voltage sag is 0.86, 0.91 and 0.94 per units for

49

the 0.75, 0.82 and 0.90 p.u. valued SFCL, respectively. Also, during the 1LG fault, as
shown in Fig. 26, for all these valued SFCL, the voltage swell is around 1.03 p.u. Finally,
the value of the quenched resistance, RSC is considered 0.82 p.u. (based on the machine
rating), for both the symmetrical and asymmetrical faults, which helps keep the voltage
level in the range of ±10% from the nominal voltage during all types of faults.

Fig 25. DFIG terminal voltage during the 3LG fault with different valued DC resistive
fault current limiter

50

Fig 26. DFIG terminal voltage during the 1LG fault with different valued DC resistive
fault current limiter

2) Superconducting Fault Current Limiter (SFCL)
Superconducting Fault Current Limiter (SFCL) is considered as one of the most
promising reliability enhancing devices in order to improve the transient stability. SFCL
prevents the sudden rise of the short-circuit current by spontaneously changing its status
of operation from the superconducting to resistive mode during the fault, which is
generally known as ‘quenching.’
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Previously, low temperature superconductor (LTS) such as Niobium-Titanium
(NbTi) alloys was utilized for the construction of the SFCL [143]. But, LTS SFCL didn’t
become popular to be commercialized due to higher cooling costs, and the difficulties to
control the cryogenic system [143]. Next, with the innovation of high temperature
superconductors (HTS) in 1986, the cost of HTS SFCL was decreased with the low
refrigeration cost [144], as the HTS SFCL was intentionally designed to operate at liquid
nitrogen temperature, substantially reducing the cryogenic cost for the entire system
[143].
Presently, the most attractive materials to construct the HTS SFCL is mainly
Yttrium barium copper oxide (YBCO) coated conductors which is also known as the
second generation (2G) HTS. It consists of pancake modules connected in parallel as
shown in Fig. 27 [144]. YBCO SFCL has larger cooling surface area with better
performance under the electro-mechanical stress and thermal shocks brought by the fault
currents [143].

Fig 27. Construction of the resistive type HTS SFCL [144].
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For the cooling of the SFCL, sub-cooled liquid nitrogen is used to increase the
heat transfer and the insulation characteristics. The subcooled condition is achieved by
filling the space above the liquid nitrogen in the cryostat to about 3 bars with nitrogen
gas, and cooling the liquid nitrogen to around 77 K (≈ -321° F) with a cryocooler [145].
The temperature is controlled automatically to the desired value. The resistive type FCL
using YBCO thin films is considered more suitable for making practical FCLs [146].
In the steady-state condition, the SFCL improves the transient stability of power
system by suppressing the level of the fault current by the quick operation and auto
recovery capability within 0.5 s with the development YBCO conductors [20]. The
equivalent electrical circuit of the resistive type SFCL unit is shown in Fig. 28.

Rns

Ln

Rnc (t)
Fig 28. The architecture of the resistive SFCL

SFCL consists of two parallel resistances- i) the stabilizer resistance of n-th unit
(Rns), and ii) the superconductor resistance of the n-th unit (Rnc). The coil inductance of
the n-th unit (Ln) is connected in series with the parallel resistor branch. The subscript ‘n’
denotes the number of units of SFCL that is connected in the system. In the steady state
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Fig 29. Characteristic of the resistive type SFCL [148]

condition, the combined resistance of the superconducting and stabilizer unit is zero
[147]. But, during the fault of the system, their parallel combination provides non-zero
time varying resistance.
The characteristics of the resistive type SFCL are shown in Fig. 29. Due to the
occurrence of the fault at t=t0, the resistance of the SFCL increases exponentially
according to the following equation𝑅𝑠𝑐1 (𝑡) = 𝑅𝑚𝑎𝑥1 (1 − 𝑒

−𝑡⁄
𝜏1 )

(26)

Where, Rsc1 indicates the change of resistance from the superconducting state to
the quenching state of the SFCL with a maximum resistance of Rmax1. 𝝉1 is the time
constant of the quenching state.
If the fault is recovered at t=tc, the resistance of the SFCL is also reduced
exponentially by charging its state from quenching to superconducting as follows𝑅𝑠𝑐2 (𝑡) = 𝑅𝑚𝑎𝑥2 (1 − 𝑒
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−𝑡⁄
𝜏2 )

(27)

Where, Rsc2 indicates the change of resistance from the quenching state to the
superconducting state of the SFCL with a maximum resistance of Rmax2. 𝝉2 is the time
constant of the recovery state. Usually it is assumed that Rmax1= Rmax2.
As the operation of the SFCL is automatic, it requires no controller. During
simulation, the value of the SFCL is also considered as 0.82 p.u., like the DC resistive
fault current limiter.

3) Series Dynamic Braking Resistor (SDBR)
i) SDBR Configuration and Control
In this work, in order to see the effectiveness of the proposed DC resistive SFCL,
its performance is also compared with that of the SDBR. The modeling of the SDBR is
described in detail in the following subsections:
ii) SDBR construction
The SDBR, shown in Fig. 30, is a simple resistor, which is dynamically inserted
in the circuit in series for a short period during the grid faults. During normal operation,
the bypass switch is closed and the resistor is deactivated. At the time of the network
fault, when the voltage at the considered terminal of the network goes lower than the
desired threshold value, the controller initiates the bypass switch to be opened to activate
the SDBR. As a result, the post fault current flows through the resistor and helps recover
the initial post fault condition by reducing the flow of the post fault current, and protects
the terminal voltage to become much lower. The SDBR also helps balance the active
power during network disturbance through electrical power dissipation.
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Fig 30. SDBR topology

iii) Control of the SDBR
The operation of the SDBR is controlled by sensing the voltage of the PCC. When
this voltage goes below the reference value, the bypass switch is turned off and the
resistor is inserted in series with the grid. During the simulation, the same value of 0.82
p.u. resistance as the SFCL is also considered for the SDBR to make the comparative
study rational.

E. Conclusion
Study of the transient stability of the DFIG based WECS is essential for ensuring
the reliability of the power system network. All the modern grid codes also make
obligatory for the wind generators to ensure the transient stability all the time. So, this is
a very important study for the WECS.
In this chapter, both the internal controlled devices such as crowbar system, DC
chopper and DC link parallel capacitor, and external auxiliary devices like DC resistive
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fault current limiter, superconducting fault current limiter and series dynamic braking
resistor are discussed to enhance the performance of the DFIG system.

57

CHAPTER 5
SIMULATION RESULTS ANALYSIS AND DISCUSSIONS

A. Electric power system modeling
In this research, a 2 MW 690 V DFIG based WECS has been modeled to test its
transient stability. All the considered parameters to model the DFIG are shown in Table 1.
The DFIG is connected with the infinite bus through a step up transformer and double
circuit transmission lines, as shown in Fig. 31. The parameters of the power system network
[149] are also shown inside the Fig. 31. The effectiveness of the proposed methodology is
tested considering temporary balanced and unbalanced faults at point F1 in the power
system.

2 MW, 690 V
DFIG

Y
DC
Link

Gear
Box
Wind
Turbine

AC
DC

Rotor side
converter

C

DC
AC

Grid side
converter

j 0.2

CB 1 0.04

X-former

CB 3

0.69/66 kV
j 0.05 PCC
Series
Compensating
Device

F1

Line-1
0.04
Fault
Point

Fig 31. Tested power system
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J 0.1 V= 1.0 pu

CB 2

j 0.2

CB 4

Grid

Line-2
60 Hz, 66KV, 100
MVA Base

Table 1. Parameters of the DFIG based wind generator
Rated power of DFIG

2 MW, 690 V, 60 Hz

Stator Leakage reactance (Xls)

0.09231 pu

Rotor Leakage reactance referred to the stator (Xlr’)

0.09955 pu

Magnetizing reactance (XM)

3.95279 pu

Stator resistance (RS)

0.00488 pu

Rotor resistance referred to the stator (Rr’)

0.00549 pu

Inertia constant (H)

3.0 s

DC link capacitor

14000 μF

DC link voltage

1200

B. Simulation considerations
For the study of electrical power systems, different simulation softwares, such as
PSPICE, PSIM, MATLAB-based Simulink/Sim Power Systems, ATP/EMTP,
PSCAD/EMTDC, Power World Simulator, ACSL, C, etc. are widely used. However,
recently Matlab/ Simulink software is gaining almost universal acceptance [150]. The
Simscape Power Systems™ offers the models of standard and industry-specific elements
for power generation schemes [151].
The Matlab/Simulink software is used to run all the simulations. Though this
study is carried out for a variable wind speed generator system, the wind speed is
considered constant (14 m/s) during the study of transient stability. Because the duration
of the transient stability study is very small for the wind speed to make any considerable
influence.
During the simulation, two cases are considered:
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Case 1: The internal controlled devices, i.e. crowbar system, DC chopper and DC
link parallel capacitor are connected separately to the DFIG system to investigate their
effectiveness. In this case, the temporary symmetrical fault, i.e. three-phase-to-ground
(3LG) fault, and single-line-to-ground (1LG) fault as the asymmetrical fault are
considered separately at the point of common coupling (PCC) (point ‘F1’ of Fig. 31) at
0.1 s. The fault persists for duration of 0.42 s. Circuit breakers CB3 and CB4 are opened
at 0.1833 s and reclose at 1.0163 s. The study is conducted for a duration of 2 seconds (s).
In the result analysis, four different types of situations are considered to analyze
the effectiveness of the internal controllers:
Condition-a: Fault analysis without any internal controller.
Condition-b: Fault analysis with crowbar system
Condition-c: Fault analysis with DC chopper, and
Condition-d: Fault analysis with parallel capacitor

Case 2: The series compensating devices, i.e., the DC resistive SFCL, the SDBR,
and the SFCL are connected in series individually at the terminal of the power system
where the wind generator is coupled to the entire power network. This connecting point is
known as ‘point of common coupling (PCC).’
Both the temporary symmetrical, i.e. three-phase-to-ground (3LG) and
asymmetrical faults are considered separately at PCC (point ‘F1’ of Fig. 31) at 0.1 s, and
the fault persists for duration of 0.42 s. In this case, circuit breakers CB3 and CB4 are
also opened at 0.1833 s and reclose at 1.0163 s. The considered temporary asymmetrical
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faults are- (i) double-line-to-ground (2LG), (ii) line-to-line (2LL) and (iii) single-line-toground (1LG), which are considered to happen separately at point ‘F1’ of Fig. 31.
In this case, during the simulations, four different types of conditions are considered
to examine the effectiveness of the external auxiliary devices:
Condition-1: Fault analysis without any auxiliary controller.
Condition-2: Fault analysis with DC resistive SFCL.
Condition-3: Fault analysis with SDBR.
Condition-4: Fault analysis with SFCL.

C. Simulation results with internal controlled devices
As it is already mentioned, in this section the performance results of the DC
chopper, parallel capacitor and the crowbar will be examined considering temporary
three-phase-to-ground (3LG) fault and single-line-to-ground (1LG) fault. All the
simulation results are presented and analyzed in the subsequent sections-
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1) Simulation results with internal controlled devices during 3LG fault
In Fig. 32, the voltage profile of the DFIG terminal clearly shows that the internal
controlled devices cannot improve the voltage at all during a network fault of
symmetrical type.

Fig 32. Voltage at DFIG terminal with the internal controlled devices for 3LG fault
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Fig 33. Current at DFIG terminal with the internal controlled devices for 3LG fault

However, the fault current is suppressed by the internal controlled devices, as
shown in Fig. 33. During the symmetrical fault without any controller, the fault current is
5.1 p.u. But the fault current is reduced to 4.42, 3.54, and 3.39 with the application of the
DC chopper, parallel capacitor and crowbar, respectively.
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Fig 34. DC Link Voltage with the internal controlled devices for 3LG fault

Fig. 34 shows a substantial rise in the DC link voltage of 2.55 p.u. during the 3LG
fault. Internally controlled devices can significantly help minimize this transient change
of the DC link voltage, which is desirable. DC chopper and the crowbar minimize the DC
voltage level below 1.15 p.u. But the parallel capacitor scheme shows the fluctuation of
the DC link voltage between 0.71-1.31 p.u.
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Fig 35. Power at DFIG terminal with the internal controlled devices for 3LG fault

Fig. 35 indicates that, without any controller, the generator active power demand
becomes almost zero during the 3LG fault. Also, it is clearly observed that no internal
controlled devices can improve the profile of the DFIG output power.
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Fig 36. Rotor speed of the DFIG with the internal controlled devices for 3LG fault

Fig. 36 shows the speed profile of the DFIG terminal with and without the
internal controlled devices. It is observed that the speed variation of the DFIG system is
not very high. However, among all the three internal controlled devices, crowbar
demonstrates superior performance.
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2) Asymmetrical (1LG) fault Analysis with the internal devices
Like the symmetrical fault, from Fig. 37, the voltage profile of the DFIG terminal
also shows that the internal controlled devices cannot improve the voltage during the
1LG fault at all.

Fig 37. Voltage at DFIG terminal with internal controlled devices during 1LG fault
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Fig 38. Current at DFIG terminal with internal controlled devices during 1LG fault

In Fig. 38, it is observed that the fault current is suppressed by the internal
controlled devices, like the symmetrical fault condition. During the 1LG fault without
any controller, the fault current is 4.14 p.u. But the fault current is reduced to 4.03, 3.50,
and 3.25 with the application of the DC chopper, parallel capacitor and crowbar,
respectively.
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Fig 39. DC ink Voltage at DFIG terminal with internal controlled devices during 1LG
fault
The rise of the DC link voltage is not very high during the 1LG fault like the
symmetrical fault, which is expected. Because the severity of 1LG fault is the lowest
among all types of faults. Fig. 39 shows that the rise of the DC link voltage fluctuates
between 0.95 to 1.13 p.u. during the 1LG fault with no controller. Internal controlled
devices significantly help diminish this transient change of the DC link voltage.
However, a parallel capacitor scheme shows the fluctuation of the DC link voltage
between 0.74 to 1.06 p.u.
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Fig 40. Power at DFIG terminal with internal controlled devices during 1LG fault

Fig. 40 illustrates the power at the DFIG terminal with the connection of the
internal controlled devices separately during 1LG fault. Like the symmetrical fault, it is
also observed that no internal controlled devices can improve the performance of the
DFIG output power.
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Fig 41. Speed at DFIG terminal with internal controlled devices during 1LG fault

Like the 3LG fault, Fig. 41 also shows that the speed variation of the DFIG
system is not very high. In case of the 1LG fault, no significant changes of the speed
profile of the DFIG terminal with and without the internal controlled devices are
observed.
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3) LVRT investigation at PCC with the internal devices
Figs. 42 and 43 show the PCC Voltage at PCC terminal with the low voltage ride
through (LVRT) specification in the United States with internal controlled devices during
the 3LG and 1LG faults, respectively. In this case, to conform in accordance with the US
grid code, a larger time frame of the simulation (3.5 s) is considered.
From Fig. 42, it has been clearly realized that the PCC voltage falls closer to zero
for all the conditions due to the occurrence of the symmetrical fault, which violates the
modern grid codes to keep the DFIG system connected with the PCC, although all the

Fig 42. Voltage at PCC and LVRT specification in United States with internal controlled
devices during 3LG fault
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Fig 43. Voltage at PCC and LVRT specification in United States with internal controlled
devices during 1LG fault

modern grid codes mandate that the wind farms should be connected with the power
network, even during the faults.
However, from the Fig. 43, it can be concluded that DFIG system can be kept
connected, with the PCC during the 1LG fault, as the PCC voltage never falls below the
15% of the desired voltage level.
Finally, one of the important findings of this dissertation is, internal controlled
devices are not capable to maintain the grid code for all the fault conditions as discussed
above. This statement proves the importance to investigate some other devices, which
will preserve the grid code in every situation while connecting the DFIG system with the
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Fig 44. DFIG terminal voltage during 3LG fault

power grid. That is why, further investigations have been made to examine the transient
stability of the DFIG system with the series auxiliary devices, and the results are
presented below-

D. Simulation results with series auxiliary devices
1) Transient stability study under symmetrical fault (3LG fault)
Fig. 44 represents the DFIG terminal voltage response during the 3LG fault. As
there is an abrupt rise of current over 5 p.u. during the 3LG fault without any auxiliary
devices, shown in Fig. 45, the DFIG terminal voltage faces instantaneous voltage drop.
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The SDBR can reduce the sudden voltage drop to 0.75 p.u., and the SFCL minimizes the
voltage drop to 0.86 p.u. However, the DC resistive SFCL performs the best among all
the considered devices, keeping the voltage level to 0.91 p.u.

Fig 45. Current at the DFIG terminal during 3LG fault

Also, from Fig. 45, it is clearly visualized that the DC resistive SFCL can
suppress the fault current from 5.1 p.u. to 1.56 p.u., but for the SDBR and the SFCL, the
current is minimized to 3.15 and 1.69, respectively. Therefore, the fault current limiting
ability of the DC resistive SFCL facilitates using the lower capacity circuit breakers.
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Fig 46. DFIG output power during 3LG fault

Fig. 46, shows the active power of the DFIG for all the four cases. It indicates
that, without any controller, the generator active power demand becomes almost zero
after the incident of the 3LG fault. The SFCL, DC resistive SFCL and SDBR can
improve the performance of the active power supply by the DFIG system. However, the
DC resistive SFCL can minimize the power fluctuation better than both the SFCL and the
SDBR.
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Fig 47. Rotor speed of the DFIG during 3LG fault

Also, from the speed response of the DFIG as shown in Fig. 47, together the DC
resistive SFCL, SFCL and the SDBR provide better stability than using no controller.

77

Fig 48. DC Link voltage of the DFIG during 3LG fault

In Fig. 48, a significant rise in the DC link voltage (2.55 p.a.) is observed during
the 3LG fault. The DC resistive SFCL helps maintain the DC link voltage, which is more
stable than both the SDBR and the SFCL.

78

Fig 49. Absorbed power by the auxiliary devices during the 3LG fault

Fig. 49 indicates the active power consumed by the DC resistive SFCL, SFCL and
the SDBR. From the fault initiation to the circuit breaker opening, the DC resistive SFCL
consumes more power than the SDBR and the SFCL, which helps the DC resistive SFCL
provide better performance. This clearly indicates the superiority in performance of the
DC resistive SFCL among all the considered compensating devices.
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E. Transient stability study under asymmetrical faults with series auxiliary devices
1) Transient stability study during 2LG fault
Fig. 50 represents the DFIG terminal voltage response during the 2LG fault.
During the 2LG fault without any auxiliary devices, the DFIG terminal voltage faces
instantaneous voltage drop to 0.16. The SDBR can reduce the sudden voltage drop to
0.79 p.u., and the SFCL minimizes the voltage fall to 0.91 p.u. Still, the DC resistive
SFCL performs the best among all the considered devices, holding the voltage level to
1.07 p.u., which is within ±10% of the rated voltage, accepted by most of the grid codes.

Fig 50. DFIG terminal voltage during 2LG fault
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Fig 51. Current at the DFIG terminal during 2LG fault

From Fig. 51, it is clearly visualized that the DC resistive SFCL can suppress the
fault current from 4.17 p.u. to 0.82 p.u., but for the SDBR and the SFCL, the current is
minimized to 1.49 and 1.22, respectively. Thus, the fault current limiting capacity of the
DC resistive SFCL facilitates using the lower capacity circuit breakers.
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Fig 52. DFIG output power during 2LG fault

Fig. 52, shows the active power of the DFIG for all the four cases during the 2LG
fault. It indicates that, without any controller, the generator active power demand
becomes almost 0.6 p.u. after the incident of the 2LG fault. The SFCL and DC resistive
SFCL can improve the operation of the active power supply of the DFIG system
significantly than the SDBR. Still, the DC resistive SFCL can minimize the power
fluctuation better than both the SFCL and the SDBR.
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Fig 53. Rotor speed of the DFIG during 2LG fault

Also, from the speed response of the DFIG as shown in Fig. 53, it is observed that
the speed variation of the DFIG system is not very high during the 2LG fault. All the
devices, i.e. the DC resistive SFCL, SFCL and the SDBR provide better stability than
using no controller.
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Fig 54. DC Link voltage of the DFIG during 2LG fault

Fig. 54 shows a significant variation in the DC link voltage (1.41 p.u) during the
2LG fault. The DC resistive SFCL helps keep the DC link voltage noticeably more stable
than both the SDBR and the SFCL.
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Fig 55. Absorbed power by the auxiliary devices during the 2LG fault

Fig. 55 specifies the active power consumed by the DC resistive SFCL, SFCL and
the SDBR. From the fault initiation to the circuit breaker opening, the DC resistive SFCL
consumes more power (1.1 p.u.) than the SDBR (0.73 p.u.) and the SFCL (0.92 p.u.),
which helps the DC resistive SFCL provide the best performance among all the
compensating devices during the 2LG fault.

85

2) Transient stability study during 2LL fault
DFIG terminal voltage response during the 2LL fault is shown in Fig. 56. During
the 2LL fault without any auxiliary devices, the DFIG terminal voltage is dropped to 0.31
p.u. The SDBR can reduce the sudden voltage drop to 0.89 p.u., and the SFCL minimizes
the voltage fall to 0.93 p.u. The DC resistive SFCL keeps the voltage level to 1.08 p.u.,
which is also within ±10% of the nominal voltage, accepted by most of the grid codes.
So, the overall performance indicates that both the SFCL and the DC resistive SFCL
accomplishes the LVRT well during the 2LG fault.

Fig 56. DFIG terminal voltage during 2LL fault
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Fig 57. Current at the DFIG terminal during 2LL fault

Fig. 57 shows that the DC resistive SFCL can suppress the fault current from 3.86
p.u. to 0.84 p.u., but for the SDBR and the SFCL, the current is minimized to 2.05 and
1.20, respectively. Therefore, the fault current limiting capacity of the DC resistive SFCL
is higher that helps using the lower capacity circuit breakers.
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Fig 58. DFIG output power during 2LL fault

The response of the active power of the DFIG in all the four cases during the 2LL
fault is displayed in the Fig. 58. It indicates that, without any controller, the generator
active power demand becomes almost 0.76 p.u., after the incident of the 2LL fault. Both
the SFCL and the DC resistive SFCL can improve the performance of the active power
supply of the DFIG system than the SDBR. However, the DC resistive SFCL diminishes
the power fluctuation better than both the SFCL and the SDBR.
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Fig 59. Rotor speed of the DFIG during 2LL fault

From the rotor speed of the DFIG, as shown in Fig. 59, it is observed that the
speed variation of the DFIG system is not also very high during the 2LL fault. However,
during the 2LL fault, the DC resistive SFCL and the SFCL provide better stability than
using no controller and the SDBR.
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Fig 60. DC Link voltage of the DFIG during 2LL fault

Fig. 60 shows the DC link voltage of the DFIG during the 2LL fault. DC resistive
SFCL device clearly demonstrates the best performance to minimize the fluctuation of
the DC link voltage than both the SFCL and the SDBR.
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Fig 61. Absorbed power by the auxiliary devices during the 2LL fault

Fig. 61 displays the active power consumed by the all the auxiliary external
devices, i.e. DC resistive SFCL, SFCL and the SDBR. From the fault initiation to the
circuit breaker opening, the DC resistive SFCL consumes more power (0.88 p.u.) than the
SFCL (0.0.69 p.u.) and the SDBR (0.6 p.u.). For this reason, DC resistive SFCL offers
the best performance among all the compensating devices during the 2LL fault.
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3) Transient stability study during 1LG fault

Fig 62. DFIG terminal voltage during 1LG fault

Fig. 62 represents the terminal voltage of the DFIG during the 1LG fault
condition. Result nearer to 0.55 p.u. voltage sag is noticed at the DFIG terminal in case of
using no controller. Though the SFCL and the SDBR improve the voltage level to 0.96
and 0.85 p.u., the DC resistive SFCL outperforms the SDBR by keeping the voltage level
over 1.02 p.u.
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Fig 63. Current at the DFIG terminal during 1LG fault

Like all other faults, it is also clearly seen from the Fig. 63 that the DC resistive
SFCL provides the best support to minimize the fault current from 4.14 p.u. to 1.01 p.u.
during the 1LG fault. By employing the SDBR and the SFCL system, the current level
has been reduced to 1.68 and 1.07 p.u., respectively.
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Fig 64. DFIG output power during 1LG fault

Fig. 64 represents the active power profile of the DFIG during 1LG fault. It is
clearly observed that active power fluctuation is the lowest with the application of the DC
resistive SFCL among all of the four conditions.
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Fig 65. Rotor speed of the DFIG during 1LG fault

Also, from the speed response of the DFIG, shown in Fig. 65, the DC resistive
SFCL, SFCL and SDBR provide better performance than using no controller. Also the
speed variation is not much significant during the 1LG fault condition of the DFIG
system.
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Fig 66. DC Link voltage of the DFIG during 1LG fault

The DC link voltage during the 1LG fault has been shown in Fig. 66. The DC
resistive SFCL aids to maintain the DC link voltage more stable than both the SDBR and
the SFCL system.
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Fig 67. Absorbed power by the auxiliary devices during the 1LG fault

Fig. 67 presents the active power consumed by the DC resistive SFCL, SFCL,
and the SDBR. Like the other faults’ scenario, from the fault initiation to the circuit
breaker opening, the DC resistive SFCL consumes more active power than the SDBR and
the SFCL during 1LG fault, which assists the DC resistive SFCL to provide the best
performance.
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F. LVRT investigation at PCC
Figs. 68-71 show the voltage of the DFIG at PCC with the low voltage ride
through (LVRT) specification in the United States during the 3LG, 2LG, 2LL and 1LG
faults, respectively. To comply in accordance with the grid code, a larger time frame (3.5
s) of the simulation is considered.
From Fig. 71, it has been clearly understood that the voltage sag generated during
the 1LG fault is lower than the all other faults, as the 1LG fault is the least severe among
all the faults of the power system. Also, the DFIG based WECS system can be kept
connected to the power system during the 1LG fault, even without any compensating
devices, as the PCC voltage, never falls below the 15% of the desired voltage level.

Fig 68. PCC voltage with the LVRT specification in United States during 3LG fault
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Fig 69. PCC voltage with the LVRT specification in United States during 2LG fault

Fig 70. PCC voltage with the LVRT specification in United States during 2LL fault
99

Fig 71. PCC voltage with the LVRT specification in United States during 1LG fault

All the modern grid codes demand that the wind farms require to be connected to
the power network, even during the faults. But for the uncompensated DFIG system (i.e.
using no controller) during the incidents of the 3LG, 2LG and 2LL faults, shown in the
Figs. 68-70, the PCC voltage fall closer to zero, which clearly violates the grid code to
keep the DFIG system connected with the power grid.
But from the Figs. 68-71, it is clearly seen that all the considered compensating
devices support the DFIG system to remain connected with the power network during
any kind of faults. However, based on all the simulation results, it can be clearly stated
that the DC resistive SFCL enhances the LVRT performance best among all the devices.
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G. Index based performance analysis of the system
Besides graphical depictions, to clearly verify the effectiveness of the considered
series compensating devices in improving the transient stability of a DFIG wind power
system, the following performance indices of the wind generator are also considered:


Terminal voltage deviation,
𝑇

Voltage_terminal_dev = ∫0 ∣ 𝛥𝑉_𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 ∣ 𝑑𝑡


Active power deviation,
𝑇

Power_active_dev = ∫0 ∣ 𝛥𝑃 ∣ 𝑑𝑡


𝑇

(30)

T

(31)

Speed deviation,
Speed_dev = ∫0 ∣ Δω ∣ dt



(29)

Stator current deviation,
Current_terminal_dev = ∫0 ∣ 𝛥𝐼_𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 ∣ 𝑑𝑡



(28)

DC link voltage deviation,
T

Voltage_dc_dev = ∫0 ∣ ΔV_DC_link ∣ dt

(32)

In equations (28) to (32), T indicates the simulation time, which is considered 2 s,
and V_terminal, P, I_terminal, , V_DC_link indicate the voltage deviation at
PCC, active power deviation, stator current deviation, speed deviation and DC link
voltage deviation, respectively. The lower values of the indices indicate the better
performance.
The variation of the different performance indices for both the 3LG, 2LG, 2LL
and 1LG faults are displayed in Tables 2-5 respectively, based on the equations (5-9).
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Table 2. Assessment of the performance indices during 3LG fault
Deviation of indices’ values (in percentage)
Index
Parameters (%)

No Control

With DC
Resistive SFCL

With
SFCL

With
SDBR

Voltage_terminal_dev
Current_terminal_dev
Speed_dev
Power_active_dev
Voltage_dc_dev

4.1371
19.4256
0.4029
8.8613
6.8128

0.8014
4.5680
0.0929
2.1620
0.1489

0.8498
5.2349
0.1099
2.5919
0.4120

1.0706
6.6086
0.1343
2.8279
0.6001

Table 3. Assessment of the performance indices during 2LG fault
Deviation of indices’ values (in percentage)
Index
Parameters (%)

No Control

With DC
Resistive SFCL

With
SFCL

With
SDBR

Voltage_terminal_dev

3.7291

0.4719

0.5278

0.8236

Current_terminal_dev
Speed_dev
Power_active_dev
Voltage_dc_dev

15.3059
0.0954
2.8206
1.5367

1.6774
0.0375
0.8629
0.1349

1.7374
0.0393
0.9611
0.3263

2.6167
0.0708
2.0059
0.4987

Table 4. Assessment of the performance indices during 2LL fault
Deviation of indices’ values (in percentage)
Index
Parameters (%)
No Control

With DC
Resistive SFCL

With
SFCL

With
SDBR

Voltage_terminal_dev

3.0487

0.4907

0.5160

0.7203

Current_terminal_dev

13.9988

1.8782

1.6969

4.4457

Speed_dev

0.0784

0.0399

0.0403

0.0412

Power_active_dev

1.5868

0.9163

1.0182

1.0308

Voltage_dc_dev

0.6133

0.1355

0.3282

0.5105
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Table 5. Assessment of the performance indices during 1LG fault
Deviation of indices’ values (in percentage)
Index
Parameters (%)

No Control

With DC
Resistive SFCL

With
SFCL

With
SDBR

Voltage_terminal_dev
Current_terminal_dev
Speed_dev
Power_active_dev

2.1779
14.3810
0.0429
1.2706

0.2063
0.6254
0.0222
0.4432

0.4791
0.6478
0.0231
0.4805

0.5140
1.0805
0.0226
0.5671

Voltage_dc_dev

0.1609

0.0544

0.0595

0.0637

From the above information, it is noticed that the performance index values are
the minimum for all cases of faults with the application of DC resistive fault current
limiter. Therefore, it can be confidently concluded that the DC resistive SFCL provides
the best performance compared to the SDBR, as well as the SFCL during all the faults.
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CHAPTER 6
CONCLUSION AND FUTURE WORK

A. Conclusion
The need of electricity all through the world is progressively growing with the
development of modern science and technology. The headway of wind power generation
is a great blessing to help meet up the rising power demand day by day. The strongest
challenge for wind energy conversion is to maintain the grid reliability. Research and
development of wind power generation technology are helping establish this technology
intensely to meet up the world electricity demand.
Currently the doubly fed induction generator (DFIG) occupies near 50% of the
wind energy market due to having low rated power converters with improved efficiency,
and provides better speed control with reduced flicker. Therefore, the DFIG system is
presently a very popular technology to harness electricity from the wind. To operate
reliably and to make the power grid protected from any sort of major failure like black
out, the DFIG system should maintain the transient stability when subjected to a severe
disturbance, such as faults in the power network.
In this dissertation, a significant contribution has been made to the operation of
the DFIG based wind energy conversion system considering the requirement of the grid
code, while connecting the DFIG based WECS to the power system network.
Investigation results show that the available internal controlled devices of the DFIG, such
as crowbar, DC chopper and the parallel capacitor system cannot help the DFIG system
to ensure the transient stability during all the faults except 1LG fault of the power system
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network. This finding attests the importance of connecting external auxiliary devices to
the DFIG system in order to maintain the transient stability.
Therefore, in this research, main focus is given to develop, and evaluate new
techniques that will develop the transient stability performance of the DFIG based wind
energy conversion system using different types of series compensating devices. In this
dissertation, the DC resistive SFCL is proposed to improve the transient stability of a
DFIG based wind power system. It is noticed that huge voltage sag and high levels of
fault current are significantly suppressed by the DC resistive SFCL. From the overall
analysis, it can be noted that the proposed DC resistive SFCL is able to enhance the
transient stability of the DFIG system for both the symmetrical and asymmetrical faults,
and shows the best performance so far among the available technologies of the DFIG
system.
In the WECS, increasing the efficiency is always preferred. Though different
studies are reported to improve the DFIG performance with the conventional SFCL,
certainly the DC resistive SFCL is an attractive replacement over them.

B. Future work
One of the salient features of using the DC resistive SFCL or the SFCL is that its
operation is automatic, and does not require any controller. That is why, this device is
protected from any sort of cyber threat or vulnerability. However, SFCL is costly, and its
cost minimization is always an important direction of research.
In the future, the application of DC resistive SFCL can be examined for a large
wind farm. This can be applied and examined for the permanent magnet synchronous
generator based WECS, as well.
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The primary destination of this dissertation is to better the transient stability of the
DFIG system for the reliable performance of the entire power system, which is addressed
successfully. Besides, it is already discussed that different branches of engineering are
involved in the development of the wind energy technology. From the literature review it
has been noticed that still there are lots of scopes to contribute to the development of
WECS.
1) Scopes in the future wind turbine architecture design
There is scope of research to promote variable sweeping area by the wind turbines
to capture required wind power with reduced size wind turbines based on the situation of
the wind flow. In [62], though a hydraulic power transfer mechanism is used to integrate
multiple turbines, research also should be focused to integrate the turbines mechanically
as hydraulic transfer systems have lots of drawbacks. Integrating multiple wind turbines
for a central generating unit might be a new direction of research in the future. This
research should be continued, as there is no alternative to increase the capacity of a single
unit WECS without capturing more energy from the wind.
More research investigations are also needed in order to identify the required
parameters for the smart aerodynamic control for the WECS. Also, good forecasting tools
for wind are needed to connect them to the power system [69], [152], [153], and it will
help operate the wind generator reliably.
In [25], it is clearly shown that most of the investment cost for the wind farm is
made for the wind turbine and the tower installation, though the cost and the capacity of
wind generator system are also highly dependent on the nature of wind resources of a
specific location [154]. So, smart turbine design and a reduction in the weight over the
tower will be a new direction of research in the future.
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The trends of research show that the HAWT is always getting priority. In 1987,
Musgrove theoretically and experimentally proved that the VAWT had an efficiency
similar to the HAWTs [155]. The VAWT works better in severe wind climates and needs
less maintenance [155] and can capture the wind flow from any direction without having
any yaw mechanism [156]. Research and development of VAWTs have been almost
stopped since 1980 [157]. Future research on VAWTs over the large offshore or onshore
HAWTs might help establish this technology intensely.
2) Proposals for the future wind generator systems
In the future, the advanced wind generator will have very low weight with less
maintenance and will have the fault ride through capability. Though the price always
varies with the demand, reduction in the cost of the higher rated generator will also be a
great issue in the future. Besides the PMSG or DFIG, invention of other configuration of
generators to fulfill the mentioned demand is important. In [158], a 10 MW
superconductor wind turbine generator has been proposed having one third weight and
half losses of the conventional machines. In [159], it is reported that the brushless doubly
fed reluctance machine (BDFRM) appeared as one promising technology to reduce the
maintenance costs and to increase mechanical robustness and versatility. In [92], the
application of multipolar permanent magnet reluctance generator (PMRG) has been
investigated for small scale wind turbine generation, and the torque ripple has been
reduced drastically. The application of PMRG also can be investigated for large scale
wind power generation in the future. Exploration of research for the different types of
electric generators should be continued to meet up the future requirement in the wind
power industry.
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3) Opportunities for future power electronics research
Wind power generation with the full power electronics conversion will be the
most attractive solution of WECS. In [160], it has been investigated that the electronics
face more faulty events in the systems using synchronous generators compared to the
system using induction generators. Also, half of the wind turbine failures occur due to the
fault of electronic components and the control systems. The efficient and reliable power
electronics design with lower cost is always the hot topic of research.
4) Propositions for the future energy storage system (ESS) research
The future wind power system should be designed to deliver reliable and
consistent power whatever the natural flow of wind is. This could be possible by
integrating the energy storage systems with the wind power plants into the power grids.
To run a stand-alone wind power system reliably, a minimum of 5–18% of power at
normal condition and 80% of reserves of power at an extreme condition are required
[161].
To accomplish the future goal of wind power generation, careful selection of the
storage technologies with desired operating conditions, and storage capacity and power
ratings of the storage devices are required. Still the cost and the lifetime of the energy
storage devices are not satisfactory. The cost-effective energy storage devices with
reasonable sizes and smart control techniques will also be a very hot topic for the
researchers to design a reliable WECS.
In developing the optimum management of ESS, a proper forecasting tool is
essential in order to diminish the impacts of wind forecast errors more effectively.
Research should be continued to focus on the coordination between the forecasting tools
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and the energy storage system to minimize the power imbalance and to ensure economic
size optimization of the ESS. Also, finding an appropriate controller for the combined
ESSs operation would be another direction of research. In addition, a study on the
capacity optimization of different hybrid ESS is also required for proper and profitable
operation of the entire system.
The wind power generation is currently an attractive source of electricity. Surely,
the research and development will establish a well-controlled wind power system that
will fulfill the requirements like a conventional power plant in the future to meet up the
world electricity demand.
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